Abstract-The brief presents a reliable 1-out-2 reduced order control design strategy for a cable-stayed bridge benchmark using two overlapping subsystems and the linear quadratic Gaussian (LQG) design. Reliability with regard to controller failures is considered. Local controllers are designed for reduced order subsystems of expanded system. They are implemented and evaluated on the original overall system model. Two different sets of numerical experiments of reliable control design within 1-out-2 controller failure structure have been systematically tested using a SIMULINK scheme and compared to the benchmark sample centralized LQG design. The performance of the reliable control design has been assessed by means of given benchmark evaluation criteria. The dynamics of the closed-loop benchmark model with this multiple controller exhibits an acceptable behavior though slightly worse than in the centralized case. Thereby, the main result is a practical well working 1-out-2 reliable controller designed for a real world large-scale system. The significance of this new strategy lies in its practical systematic approach for reliable control design for large scale systems.
I. INTRODUCTION
A CTIVE control of flexible structures represents a new, difficult and unique problem, with many complexities in the processes of modeling, control design and implementation. Benchmark structural models have been proposed in recent years as challenging problems to the structural control community to design and compare control schemes for buildings and cable-stayed bridges subjected to seismic and wind excitations [1] , [2] . The design of fault-tolerant schemes has been recently recommended as one of the important issues to be addressed for the potential implementation of control systems to real structures, in particular, control strategies able to cope with malfunction of actuators or sensors [3] .
On the other hand, complexity is a central problem in modern system theory and practice. The ability to study large complex systems is greatly enhanced by modern computing machinery. A theory of complex large-scale control systems is rapidly developing, supplying powerful tools that enable to solve effectively more and more practical problems in different areas [4] , [5] . Due to increasing complexity of the present-day technology, reliability of control has become an essential requirement when considering the design of large systems. It has been recognized that the degree of reliability required in a high-performance design cannot be achieved merely by diligent application of standard control engineering practice, that is, by using-quality components in otherwise standard optimization techniques. For this reason, there has been a considerable effort to develop new control schemes with some form of built-in reliability enhancement. The major objective has been to synthesize a control structure so that the system performs satisfactorily under faulty conditions. Two basic failure modes can be distinguished: plant failures and controller failures. To increase the reliability regarding to controller failures, multiple control schemes have been proposed. These schemes are based on an essential redundancy achieved by multiplicity of controllers in a parallel connection, allowing for a highly reliable design using less reliable controllers. Each controller is a hot spare for the other [5] , [6] .
In this brief, it is attempted to explore the possibility of applying reliable multiple control tools to the cable-stayed bridge benchmark control problem proposed in [1] . This benchmark corresponds to a real-world complex 1.2-km long cable-stayed bridge which has been recently constructed in Cape Girardeau, MO. The approach proposed in this brief is based on the usage of overlapping decompositions and the inclusion principle. Reliability regarding controller failures is considered. Failure mode of a controller means that the controller is totally disconnected from the plant on a certain time interval. Intermediate situations between the normal functioning and the failure modes, where only some sensors or actuators of such controller fail, are included within the well known concept of connective stabilization. This concept is explained in detail for instance in [5, Ch. 9.3] . This means that if stability of the control system under both normal and failure modes is guaranteed, they are also guaranteed for the intermediate cases. Given the large dimensions of this bridge, a decentralized setting is adopted for the control design. Additionally to the reliability, potential advantages for designing decentralized control schemes are in the reduction of transmission costs within the feedback loop, the reduction of the overall computational effort and the possibility of using parallel implementation in real time. Although control schemes including different decompositions and decentralized control methods may offer a powerful tool for large-scale structural control system applications, their potential remains only partially used so far. In fact, only various decentralized control strategies have been applied in structural systems such as buildings [7] - [10] , bridges [11] - [15] , [10] , [16] , telescopes [17] , [18] , etc. Up to the author's knowledge, fault-tolerance issues have not been addressed in these references. Reliable control design using multiple control schemes has been addressed in [19] only.
Bridge structures offer different possibilities to define decomposition into subsystems that may be appropriate for design of reliable controllers. The benchmark problem deals with a long span cable-stayed bridge with two main towers and over hundred cables attached to. In this study, the simplest case of reliable control design using overlapping decompositions is considered. The overlapping decomposition of the bridge follows the same line as proposed in [12] . However, no reliability issues have been considered there.
Among the wide variety of methods available for reliable multiple control design, the linear quadratic Gaussian (LQG) with an infinite time horizon is adopted. The main reason for this selection is that, in order to conclude on the potential benefits of multiple control schemes, it is a standard reasonable step to compare the performance with the one of a reference centralized control scheme. In this case, we have selected the sample LQG design in [1] as a reference case.
The brief constructively describes a procedure for multiple control design using an overlapping decentralized control approach for interconnected systems in which 1-out-2 controller failure structure is included. The design starts first with the overall finite-element model (FEM) of the benchmark cable-stayed bridge decomposed into two overlapping subsystems. Each subsystem is built to include half of the bridge associated with one of the towers and their attached cables, the overlapping part being the central portion of the bridge deck where no cable is attached. Second, the original model is expanded into the model with disjoint subsystems structure using the inclusion principle [5] , [7] . Then the decentralized LQG design is performed for each subsystem of the expanded model [20] . This design is made by performing a model reduction for each subsystem because of the high dimensionality of each subsystem. The effectiveness of the decentralized control approach is evaluated by means of numerical simulations. To do this, the designed local controllers are implemented into the original overall FEM model as representative of the real bridge. And, in order to measure the performance, calculation of evaluation criteria given in the benchmark problem for selected earthquake excitations is used.
To design reliable control, two sets of design sequences are considered. The first set considers both local controllers designed to satisfy the evaluation criteria when they both work together as an overlapping controller in the bridge. Then, two failure modes are tested. The first failure mode supposes only the right half part of the bridge subsystem with operating local controller. The second failure mode considers the opposite situation, i.e., only the left half part of the bridge subsystem with operating controller. In the second set of design sequences, each local controller is designed as the only controller acting on the whole bridge, that is assuming a priori the two failure modes of the first set. This means that each local control is designed for each failure mode separately, so that the evaluation criteria should be satisfied. Finally, both controllers are implemented and evaluated together as one operating overlapping control.
II. PROBLEM STATEMENT
Consider the Phase I benchmark cable-stayed bridge described in [1] . It is composed of two towers and 128 cables. The bridge is excited by an earthquake longitudinal acceleration. Five accelerometers and eight displacement sensors are used to supply feedback information for the control, which is produced by 24 hydraulic actuators located between the deck and the towers and the end supports acting to apply longitudinal forces on the deck. A complete physical description of the bridge, a finite element model and a MATLAB/SIMULINK simulation framework are given in [1] as a benchmark for control design. The model resulting from finite element formulation has the form (1) where is the second time derivative of the response vector . and are the mass and stiffness matrices of the structure, is the vector of control force inputs, is the longitudinal seismic ground acceleration, is a vector of zeros and ones defining the loading of the ground acceleration to the structure, and is a matrix defining how the forces produced by the control actuators enter the structure.
The objectives of this study are the following.
• Derive a systematic active control strategy for reliable controllers design using a decentralized control approach with overlapping decomposition of the benchmark bridge structure.
• Verify the proposed strategy on numerical simulations of reliable control design. Particularly, evaluate the performance of the proposed control by calculating benchmark evaluation criteria under selected benchmark earthquake excitations.
III. SOLUTION
This section is divided into three parts: system decomposition, reliable control design and simulation results.
A. System Decomposition
The benchmark bridge structure has two towers as main structural elements. It naturally suggests to look for a decomposition of the overall FEM model into two overlapping strongly coupled subsystems as proposed in [12] (see Fig. 1 ).
From a structural point of view, the tower and the deck plus the cables attached to it form a truss-like structure. This truss is very stiff compared to the connection between the two halves of the bridge, which is a small part of the deck located in the middle of the main span. This feature follows from the FEM analysis of the whole bridge. Based on this analysis, the proposed decomposition of the bridge into two parts is the most appropriate from the structural point of view. Other subdivision of the structure would lead to substructures with elements that would not be working together, in contrast with the case of a truss substructure. Consider that the response vector is appropriately rearranged into three components . Vectors and include the responses of the degree-of-freedom (DOF) of the half of the bridge associated with the left and right towers and their associated cables, respectively. Vector involves the DOF of the center of the deck where no cable is attached. Generally, there are two ways how to consider this center from the decomposition point of view. The disjoint decomposition considers this center as a weak connection between independent subsystems, while the overlapping decomposition considers this center as a strong connection which is shared by both subsystems. Because the deck is constructed as a whole, it is more appropriate to use the overlapping approach. According to these three vectors, the matrices and are partitioned in the form
As illustrated in Fig. 1 , we aim to describe the model (1) as an expanded system decomposed into two subsystems which share an overlapping part. This part corresponds to the center of the deck, that is to matrices and . This decomposition is made by defining two vectors and with the common component . The vector can be related to the original vector by the linear transformation with
where denote the identity matrices of indicated dimensions. A mathematical framework to establish the relations between original and expanded systems is known as the inclusion principle [5] . Essentially, it gives conditions to ensure that solutions of the expanded system (with larger dimension) include solutions of the initial system (with smaller dimension). In this work, the inclusion concept of extension is used as the concept allowing to design contractible controllers [7] , that is controllers designed in the expanded system with the guarantee of being implementable in the original system. Using the transformation (3) and following the expansion process described in detail in [7] , the system (1) is expanded to the following system: (4) where the matrices and have the form (5) and , .
Note that the coupling terms in (5) are weak now, taking into account that each half of the bridge behaves like a truss-like structure as explained previously. This means that the influence of these couplings on the overall system dynamics is small. Then, by neglecting the couplings in matrices and in the left-hand side of (4), the expanded system is decoupled into two independent subsystems characterized by the matrices (6) This decoupled system is an artificial system from civil engineering point of view. However, it is convenient for model reduction and subsequent local controllers design.
B. Reliable Control Design
Suppose that a single system is controlled by several controllers operating independently. Suppose further that each controller has assigned its reliability. It is well known that different parallel structures of controller configurations may increase the overall reliability of control structures [6] . The bridge decomposition offers a natural usage of two local controllers. We consider the control structure 1-out-2. It means that we have available two parallel controllers, where anyone of them can fail and the system still will operate within an acceptable dynamic behavior. Suppose that each controller has the same reliability . Then the reliability of the overall control structure denoted as increases according to the known formula [5] .
In this brief, we suppose that the reliability design of control structure has been performed in the sense that the reliability of each controller satisfies the a priori requirement on the reliability of the overall control structure within the considered 1-out-2 structure.
Reliability issues concern the structure of interconnections of controllers. However, such structures are not related with the procedure to design the parameters of the individual controllers to satisfy the dynamic requirements on closed-loop systems. Therefore, once a reliability control structure is adopted, it is necessary to consider an appropriate scenario for the design of the controllers, including performance evaluation. Regarding the bridge, a scenario with two sets of numerical experiments has been proposed to design reliable control in a systematic way. Each set considers three consequent control design trials performance follows: Local controller 2 functioning -controller design, performance evaluation. Trial 6: Both local controllers functioning -performance evaluation. Fig. 2 gives a flowchart diagram of the steps followed in the design. Each subsystem is first subject to static condensation, inclusion of damping based on modal damping approach, and finally transformed into the state-space form [1] . The benchmark sample centralized LQG design has been selected as a [1] . The same locations and models of sensors and actuators as in the reference case have been adopted in the decentralized control design. Thus, finally, the expanded subsystems have 414 and 434 states, 4 and 4 control inputs, and 7 and 7 measured outputs, respectively.
It is clear that both subsystems are high dimensional. Therefore, model reduction must be applied first on each subsystem. Model reduction forms a balanced realization and then condenses out the states with relatively small controllability and observability grammians. The order selection criteria is to find a minimal order of the subsystems states ensuring the stability of the reduced order models. Then, a local control law is formulated for each reduced order subsystem design model by using the LQG design. This design results in the state feedback control gain matrices , and the observer gain matrices , for both subsystems. The overall decentralized control gain matrix for the expanded system is then (7) By using the transformation , this gain matrix is contracted for the implementation into the original FEM model, resulting in (8) The overall control is implemented by means of two local independent controllers. Local controller 1 is defined by the pair of gain matrices and . Local controller 2 is defined by the pair of gain matrices and . These local controllers are implemented into the original FEM system model and the dynamical behavior of the closed-loop system is tested by simulations. The results obtained by computing the given benchmark evaluation criteria are evaluated in comparison to the centralized control design reference case. The most relevant issue in this evaluation is the analysis of failure modes of the control.
C. Simulation Results
The model reduction and the LQG design are performed using well-known algorithms. MATLAB/SIMULINK and Control System Toolbox [21] - [23] are used to help in this design and also to perform the numerical evaluations. Fig. 3 shows the SIMULINK diagram with the two local controllers.
For the decomposition of the FEM model described previously, the model reduction results in reduced order stable subsystems with a minimal dimension of 40 states for each subsystem.
For the reliable LQG control design, a performance criterion with weights on the two displacements of the deck at the corresponding end of the bridge is selected. Also, the performance criterion involves weights on the four control signals. These weights are chosen trying to achieve uniform maximum forces for the actuators.
In order to assess the effectiveness and the potential of these reliable control schemes, two sets of numerical experiments have been performed as proposed. One set considers three different operating scenarios. In the first scenario, each decentralized controller is designed by tuning the weights in such a way that, when they are both implemented into the bridge, a satisfactory control performance is achieved and the actuator forces are kept under their saturation limit. This scenario is referred to as Trial 1. Trial 2 defines an operating scenario in which the left half of the bridge (Subsystem 1) is without control due to a failure of the corresponding decentralized controller, while the right part (Subsystem 2) remains under the controller as set for Trial 1. Trial 3 considers the opposite situation, i.e., the subsystem 1 with control and the subsystem 2 without control.
The second set of experiments includes three more operating situations. In the first one, referred to as Trial 4, the subsystem 2 is without control but the controller of subsystem 1 is tuned trying to get satisfactory performance for the full bridge. The second operating condition (Trial 5) considers the opposite. Finally, in Trial 6, the two controllers designed in Trials 4 and 5 work together. In summary, Trials 1 and 6 correspond to normal working scenarios, while the other cases are failure (emergency) situations with only one subsystem in operation.
Figs. 4 and 5 show selected numerical results for the six trial cases. They have been performed for three external actions: El Centro (solid lines), Mexico (dashed lines with circles) and Gebze (dashed lines with x-marks) earthquakes. Fig. 4 presents the nondimensional values of more important selected performance criteria given in [1] . Criteria 1 and 3 are the peak shear force and moment at the tower bases, respectively. Criterion 6 denotes the peak deck displacement at piers. Criteria 8 and 10 are the norm values of the shear and moment at the deck level in both towers, respectively. Criterion 11 is the normed value of the deviation of the tension in the stay cables from the nominal pretension. Criterion 12 gives the maximum force generated by the control devices. Criterion 15 gives the total power required to control the bridge. The horizontal lines represent the corresponding values obtained by the benchmark given example [1] , which are kept for comparison reasons.
The big number of evaluation criteria is due to the complexity of the large-scale system under control, with several structural aspects to assess which are essentially related to towers, deck, cables and actuators. Then, it is difficult and not really practical to extract very detailed conclusions from the numerical results. An overall checking of the plots in Fig. 4 tell us that, in all the cases, the control system keeps the bridge dynamics within acceptable ranges though slightly worse than in the centralized case, which can be considered as an ideal sample reference. As expected, the Trials 2-5, which correspond to failure modes, exhibit worse responses than the Trials 1 and 6 in which both controller are in normal operation. But, the failure responses still lie within acceptable values in terms of safety and dynamic behavior.
It is interesting to observe the Fig. 5 , which gives the maximum control forces exerted by two of the actuators.
Actuator 1 belongs to local controller 1 while actuator 3 belongs to local controller 2 in Fig. 5 . These plots are also very useful when tuning the values of the weighting matrices in the LQG design of the controllers. In this tuning, three main issues have been taken into account: the level of intensity of the actuator forces for each local controller, the relative level of the forces between the actuators and the balance of the forces between the controller. As expected, Trials 2 and 3 have shown that the saturation limit (1000 kN) for the operating actuators would be reached in the case of failure of one or the other local controllers. The design starting from failures (Trials 4 and 5) leads to lower maximum forces in the actuators for the work of both subsystems (Trial 6). This fact makes the control strategy corresponding to the set 2 particularly well suited for a practical implementation. Notice that the controllers resulting from Trial 6 are different to the controllers in Trial 1. Although both sets of controllers operate well under normal conditions, saturation in the actuators appears in Trial 2 and Trial 3, which are the failure modes of the controllers of set 1.
IV. CONCLUSION
The brief presents a reliable 1-out-2 control design strategy for a cable-stayed bridge benchmark using two overlapping subsystems and the LQG design. Reliability with regard to controller failures is considered. Local controllers are designed for reduced order subsystems of expanded system. They are implemented and evaluated on the original overall system model. Two different sets of numerical experiments of reliable control design within 1-out-2 controller failure structure have been systematically tested using a SIMULINK scheme and compared to the benchmark sample centralized LQG design. The performance of the reliable control design has been assessed by means of given benchmark evaluation criteria. The dynamics of the closed-loop benchmark model with this multiple controller exhibits an acceptable behavior though slightly worse than in the centralized case. Thereby, the main result of the brief is a new systematic reliable control design strategy resulting in a successful design of 1-out-2 fault-tolerant reduced order controller for the large scale cable-stayed bridge benchmark by the second reliable control design strategy. From the experience with controlling the bridge, the proposed strategy appears potentially useful, in a more general sense, for systematic reliable control designs of different kinds of real world large scale systems.
